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We report a study of the Mott insulator La2O3Fe2Se2 by means of
139La nuclear quadrupole
resonance (NQR). The NQR spectra evidence a single La site in the paramagnetic phase and two
inequivalent La sites, La1 and La2, in the antiferromagnetically-ordered phase (Ne´el temperature
TN ' 90 K). These two sites are characterized by different quadrupole couplings, indicative of distinct
lattice and/or charge configurations likely segregated in domains. The dependence of the quadrupole
coupling for La2 on temperature suggests that the magnetic order parameter drives the structural
distortion. The nuclear spin-lattice and transverse relaxation rates, 1/T1 and 1/T2, evidence fluctu-
ations in the paramagnetic phase with characteristic frequencies well below the Heisenberg exchange
frequency, likely associated with nematic fluctuations.
PACS numbers:
The simultaneous occurrence of different microscopic
interactions, such as the Coulombic correlations and the
Hund coupling, together with the complex fermiology
arising from several orbitals crossing the Fermi level
make the electronic phase diagram of iron-based pnic-
tides and chalcogenides extremely rich [1–3]. The emer-
gence of orbitally-selective Mott transitions, with a quasi-
particle weight significantly depending on the involved
Fe orbitals, and charge disproportionation are exemplary
demonstrations of the intrinsic complexity of these ma-
terials [4, 5]. Iron-based pnictides and chalcogenides also
host an electronic nematic order breaking the C4 symme-
try and leading to a tetragonal-to-orthorhombic lattice
distortion [6, 7]. Although this phenomenology has been
observed in several metallic compounds [8, 9], evidences
for nematic fluctuations and order in the less studied in-
sulating iron-based materials are still missing.
La2O3Fe2Se2 is an insulator formed by alternating
La2O2 and Fe2OSe2 stacked layers and displays antifer-
romagnetic order below the Ne´el temperature TN ' 90
K [10–12]. The electric crystalline field resolves the Fe
orbital degeneracy and possibly drives the system close
to an orbital-selective Mott transition, with a suggested
relevant role of charge and spin fluctuations [13, 14]. Re-
cently, La2O3Fe2Se2 has attracted further interest after
the report of short-range orthorhombicity both in the
paramagnetic and in the magnetic phase based on the
analysis of neutron pair distribution function [15]. The
breaking of C4 lattice symmetry has been associated with
nematic fluctuations – however, the local orthorhombic-
ity is weakly dependent on temperature, at variance with
what is expected for a magnetic driving mechanism.
In order to reach a deeper understanding of the local
structure and of the low-frequency dynamics, we studied
La2O3Fe2Se2 by means of
139La nuclear quadrupole reso-
nance (NQR). NQR is extremely sensitive to the changes
in the local charge distribution induced by a modifica-
tion of symmetry [16, 17], and does not require the ap-
plication of an external magnetic field as in the case of
nuclear magnetic resonance (NMR). This is particularly
useful when the experiments are performed on powder
samples where the broad NMR lines require a more de-
manding analysis of the results [18]. In this letter, we
report clear evidence of two distinct La sites, La1 and
La2, only in the magnetic phase. La1 and La2 are char-
acterized by different quadrupolar couplings, namely, by
a non-equivalent local structure and/or charge distribu-
tion, suggesting the stabilization of the nematic phase
in segregated domains for T < TN. The temperature
dependence of the quadrupole coupling for the La2 site
indicates that the magnetic order parameter is the origin
of the structural distortion. Additionally, measurements
of the 139La NQR transverse relaxation rate 1/T2 con-
firm that low-frequency dynamics develop just above TN,
with characteristic frequencies well below the Heisenberg
exchange frequency, consistently with the onset of ne-
matic fluctuations in the paramagnetic state which pro-
gressively slow down as the temperature is decreased.
The characteristic correlation time describing these fluc-
tuations shows an activated behaviour, similarly to what
was observed in the normal phase of iron-based super-
conductors and in prototypes of the J1 − J2 model on a
square lattice (J1 and J2 quantifying the exchange inter-
actions among nearest neighbour and next-nearest neigh-
bour magnetic moments, respectively) [19–21].
We performed the 139La NQR measurements on a
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FIG. 1: Panel a) shows the NQR spectrum at 92 K in the
frequency range between 2νQ and 3νQ , proving the disappear-
ance of the La2 signal for T ≥ TN. NQR spectra at several
temperatures below TN are shown in panels b) and c) (3νQ
and 2νQ , respectively). Orange and dark-red lines are best-
fitting Lorentzian functions for La1 and La2, respectively.
La2O3Fe2Se2 polycrystalline sample using a broadband
Tecmag Apollo spectrometer [35]. We measured the spec-
tra by recording the amplitude of the echo signal af-
ter a Hahn echo pulse sequence
(
pi
2 − τe − pi
)
as a func-
tion of the irradiation frequency. We derived the spin-
lattice relaxation time T1 by recording the recovery of
nuclear magnetization M(τ) after a saturation pulse se-
quence
(
pi
2 − τ − pi2 − τe − pi
)
and fitting the data with
the functions appropriate for a nuclear spin I = 72 in
NQR [22, 23]. We quantified the transverse relaxation
time T2 from the decay of the echo amplitude after a
Hahn echo sequence as a function of the inter-pulse delay,
as well as with a Carr-Purcell-Meiboom-Gill (CPMG)
sequence, which is particularly useful to evidence low-
frequency dynamics [24]. In the CPMG pulse sequence,
after the initial pi2 − τCPMG − pi pulse protocol, a series of
refocusing pi pulses are applied at 2τ
CPMG
intervals.
The resonance frequency in NQR spectra is determined
by the interaction of the nuclear electric quadrupole mo-
ment eQ with the local electric field gradient (EFG).
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FIG. 2: Temperature dependence of the central resonance
frequency of La1 and La2 signals (filled squares and circles,
respectively) at 3νQ . Open squares and circles represent the
central resonance frequency of La1 and La2 signals (respec-
tively) at 2νQ multiplied by a factor 1.5. The dashed vertical
line locates TN.
Given the symmetry of the surrounding charge distri-
bution in La2O3Fe2Se2, in the paramagnetic phase the
NQR spectrum is characterized by three lines associated
with the mI = ± 12 ↔ ± 32 , ± 32 ↔ ± 52 and the ± 52 ↔ ± 72
transitions [25]. Here, mI is the component of the nu-
clear spin along the EFG main axis Z. These transitions
are centred at ν
Q
, 2ν
Q
and 3ν
Q
frequencies, respectively,
where ν
Q
= eQVZZ/14h, with VZZ the main EFG com-
ponent. Although we performed most of the measure-
ments by irradiating the 3νQ line, the measurements at
the 2ν
Q
transition have proven very useful for the inter-
pretation of our results.
For T  TN, the 3νQ line is centred at ∼ 9.4 MHz (see
Fig. 1a), in excellent agreement with previous estimates
of ν
Q
based on NMR measurements [18]. The central
resonance frequency is temperature independent within
a few per mil down to 10 K. Hereafter, we shall refer
to this NQR signal as La1. Remarkably, a second NQR
peak (La2) arises for T  TN (see Fig. 1b). Although
the temperature dependence of the central resonance fre-
quency of the La2 signal is akin to that of the magnetic
order parameter, its frequency shift cannot be associated
with the internal hyperfine field generated by Fe mag-
netic moments. First of all, the temperature dependence
of the La2 peak frequency is less pronounced than that
of the order parameter (see Fig. 6 in the supplemental
material). Moreover, the internal field should lead to a
splitting of the 139La NQR peaks [26] and the fact that
neither La1 nor La2 peaks split below TN rather indicates
that the internal hyperfine field at 139La is weak (below
∼ 100 G) and/or parallel to the ab plane [18]. We stress
that the intensity of La1 and La2 peaks is similar and
that other nuclei, including 77Se, should have an inten-
sity of the zero-field NMR lines more than an order of
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FIG. 3: Panel a) shows the spin-lattice relaxation rate for
La1 and La2 (filled squares and circles, respectively) at 3νQ
as a function of temperature (log-log scale). The gray line
highlights the 1/T1 ∝ T 3.4 power law behaviour discussed in
the text. Panel b) highlights the temperature dependence of
1/T1 for the La1 signal in the paramagnetic regime (lin-lin
scale). The dashed horizontal line is a guide to the eye. In
both panels, the dashed vertical line locates TN.
magnitude smaller [36].
Remarkably, the behaviour of the 2ν
Q
transition is sim-
ilar to what observed at 3ν
Q
(see Fig. 1c). By scaling the
frequency of the La1 and La2 peaks at 2ν
Q
by a factor
1.5 we find a good matching with the corresponding 3νQ
frequencies (see Fig. 2), confirming that the signals are
associated with 139La. These observations also confirm
that the frequency shift of the La2 peak is determined by
the quadrupolar interaction, i.e., its temperature depen-
dence is determined by the evolution of the local struc-
ture and/or charge distribution around 139La nuclei.
Our results indicate that one of the La sites remains
basically unaffected throughout the whole explored tem-
perature range (La1) while the other site (La2) likely
arises from a structural distortion driven by the onset of
short-range nematic order. The presence of two distinct
La sites was already pointed out in the NMR studies by
Gu¨nther et al. [18]. However, they concluded that two
magnetically inequivalent La sites were present with dif-
ferent local hyperfine fields, whereas here we show that
the difference is in the local structure or charge distribu-
tion around La1 and La2 sites. The Mo¨ssbauer measure-
ments carried out by Gu¨nther et al. also evidence a small
change in the EFG at Fe site developing below 150 K [18],
hence it is possible that a change in the local structure is
already taking place well above TN and that Fe nuclei in
Mo¨ssbauer experiments probe an average of the local con-
figurations probed by La1 and La2 sites. This anomalous
behaviour seems more likely associated with the presence
of distorted and undistorted domains or a charge-density
phase separation as predicted for iron-based materials by
de’ Medici and co-workers [27, 28]. Remarkably, the de-
pendence of the central resonance frequency for the La2
signal is akin to that of the order parameter [15], sug-
gesting that the magnetic order parameter is the driving
force for the distortion. The presence of domains could
also explain why neutron pair distribution function in-
dicates a significant short range orthorhombicity and an
overall long-range tetragonal structure [15].
We now turn to the discussion of the low-frequency
dynamics associated with the onset of nematic fluctua-
tions at T  TN. In the paramagnetic phase, we found
that the recovery of the 139La nuclear magnetization by
irradiating at 2νQ is two times faster than the recov-
ery by irradiating at 3νQ, consistently with a relaxation
mechanism driven by spin fluctuations and not by EFG
fluctuations [23]. In the case of relaxation driven by elec-
tric quadrupole interactions, the recovery at the two fre-
quencies should be comparable [29]. The temperature
dependence of the spin-lattice relaxation rate for the La1
site at 3ν
Q
is shown on a log-log plot in Fig. 3a. 1/T1
is temperature-independent for T  TN (see Fig. 3b),
as expected for an insulating paramagnet [30]. Upon de-
creasing temperature, it first shows a weak decrease be-
low about 150 K and then a sharp increase very close to
TN. Below TN, 1/T1 shows a significant decrease by or-
ders of magnitude with a low- temperature 1/T1 ∝ T 3.4
power law, close to the T 3 law typical of three dimen-
sional antiferromagnets for TN  T  ∆ [31], where ∆
is the spin-wave gap. For T  TN, the magnitude and
behaviour of the spin-lattice relaxation rate is similar for
both La1 and La2 sites, as shown in Fig. 3a. However,
the 1/T1 for the La2 site is enhanced with respect to
that of the La1 site just below TN, suggesting a possible
contribution from nematic fluctuations.
The observed behaviour for La1 is analogous to the
one derived from NMR measurements, however we out-
line important differences. In NMR a very slight increase
in 1/T1 was reported upon decreasing temperature from
150 K to TN [15], while here we observe a decrease in
1/T1 [37]. A possible explanation is that in the NMR
experiments carried out by Gu¨nther et al. [18], given the
chosen irradiation frequency, they were probing local field
fluctuations in a plane tilted by about 36 degrees from
the c-axis [25]. However, with NQR, we probe fluctua-
tions perpendicular to the Z axis which is parallel to the
crystallographic c axis – in other terms, we probe fluc-
tuations in the ab plane. Hence, the observed behaviour
could indicate a progressive decrease of in-plane fluctu-
ations as the temperature decreases. At the same time,
for a relaxation mechanism driven by spin fluctuations:
1
T1
=
γ2
2
∑
~q,α=x,y,z
|A~q|2Sαα(~q, ωR) (1)
where γ is the nuclear gyromagnetic ratio, Sαα(~q, ωR) are
the components of the dynamical structure factor at the
resonance frequency ωR yielding a fluctuating hyperfine
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FIG. 4: Panel a) shows (1/T2)
Hahn for La1 and La2 (filled
squares and circles, respectively) as a function of temperature.
The gray line is a best-fit according to an activated Arrhenius
law. The open triangles show the temperature dependence
of (1/T2)
CPMG at fixed pulse separation (2τCPMG = 24 µs).
Panel b) shows the effect of increasing the pulse separation
on (1/T2)
CPMG. The gray line is a linear best-fit to data.
field in the ab plane and |A~q|2 is the form factor describ-
ing the hyperfine coupling between 139La nuclei and the
spin excitations at wavevector ~q. Since for La1 the form
factor filters out antiferromagnetic fluctuations, an ini-
tial decrease in 1/T1 is expected as the spin correlation
length starts to increase, similarly to what is found in
other two-dimensional antiferromagnets [32, 33].
Although the temperature dependence of 1/T1 for
T  TN is mainly driven by the correlated spin dynam-
ics at frequencies of the order of Heisenberg exchange
frequency, the temperature dependence of 1/T2 is de-
termined by low-frequency (MHz range) dynamics likely
associated with nematic fluctuations. The temperature
dependence of (1/T2)
Hahn
, measured with a Hahn echo
sequence at the 3ν
Q
transition for the La1 site is shown in
Fig. 4a. Upon decreasing temperature, (1/T2)
Hahn
starts
increasing around 150 K and shows a clear maximum
at 108 K, well above TN, and shows a divergence at TN
associated with the critical slowing down of spin fluctua-
tions. Below TN, (1/T2)
Hahn
for La1 and La2 sites slowly
decreases with decreasing temperature, except for a small
bump at the La1 site around 40 K whose origin should
be investigated further.
In order to understand if the peak in 1/T2 at 108 K
marks a phase transition or a progressive slowing down
of the fluctuations to very low-frequencies, we carried
out a study of the echo decay with the CPMG sequence.
The CPMG sequence makes it possible to probe the time
evolution of the fluctuations at La1 site over a shorter
timescale τ
CPMG
. If τ
CPMG
 τc, where τc is the char-
acteristic correlation time describing the dynamics, the
fluctuations do not have enough time to affect the echo
decay and (1/T2)
CPMG
decreases. This is indeed the be-
havior we observe which reveals that the fluctuations slow
down with a τc of the order of tens of µs around 110 K (see
Fig. 4b). Above the peak temperature, where the fluc-
tuations are faster, one expects that 1/T2 ' γ2〈∆h2Z〉τc,
with 〈∆h2Z〉 the mean square amplitude of the field fluc-
tuations along the Z ‖ c axis. We fit the temperature
dependence of 1/T2 for T > 110 K with an Arrhenius
law (see Fig. 4a), indicating that τc ∝ exp(EA/T ), with
EA = 990± 90 K.
The behavior of 1/T2 is very similar to what observed
in the normal phase of Ba(Fe1−xRhx)2As2 [19, 20] and
in Li2VOSiO4 [21], a prototype of the J1 − J2 model on
a square lattice. In both cases, dynamics at frequencies
orders of magnitude lower than the Heisenberg exchange
frequency contribute to 1/T2. In particular, a clear differ-
ence was reported in the 1/T2 measured with a Hahn echo
and with a CPMG sequence in Rh-doped BaFe2As2 [19].
Moreover, the low-frequency dynamics are characterized
by an activated correlation time τc ∝ exp(EA/T ) both in
Ba(Fe1−xRhx)2As2 and in Li2VOSiO4, with EA of the or-
der of hundreds of Kelvin degrees for Ba(Fe1−xRhx)2As2
in the presence of a magnetically ordered ground-state.
In a simple J1−J2 model the energy barrier characteriz-
ing the nematic fluctuations is the one separating degen-
erate collinear spin ground-states, with EA depending on
J1, J2 and on the spin correlation length. However, the
appropriate model to describe La2O3Fe2Se2 is not a pure
J1−J2 model on a square lattice since there are two dif-
ferent next nearest neighbour superexchange paths: one
through Se (J2) and one through O ions (J
′
2) [34]. This
leads to a more complex scenario where more degenerate
phases could be present and requires an accurate theo-
retical modelling of the system.
In conclusion, we used 139La NQR to study the local
lattice modifications induced by the onset of the magnetic
order in La2O3Fe2Se2 and the low-frequency dynamics
developing in the paramagnetic phase. The presence of
two distinct NQR peaks for T < TN indicates two dif-
ferent structural and/or charge configurations arising in
the magnetic phase. The dependence of the quadrupole
coupling on temperature points at a main role of the mag-
netic order parameter in driving the structural distortion.
The study of the spin-lattice and transverse relaxation
rates shows that very low-frequency dynamics emerge in
the normal phase, at frequencies in the MHz range, pos-
sibly driven by the nematic fluctuations. Future studies
are needed to clarify the local differences between the two
La sites.
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